Chemically enhanced oil recovery methods are utilized to increase the oil recovery by improving the mobility ratio, altering the wettability, and/or lowering the interfacial tension between water and oil. Surfactants and polymers have been used for this purpose for the last few decades. Recently, nanoparticles have attracted the attention due to their unique properties. A large number of nanoparticles have been investigated for enhanced oil recovery applications either alone or in combination with surfactants and/or polymers. This review discusses the various types of nanoparticles that have been utilized in enhanced oil recovery. The review highlights the impact of nanoparticles on wettability alteration, interfacial tension, and rheology. The review also covers the factors affecting the oil recovery using nanoparticles and current challenges in field implementation.
Introduction
It is expected that worldwide energy demand will increase up to 50% by the end of 2030 [1] . The contribution of renewable resources seems to be insignificant in meeting the increased demand for energy. Therefore, oil will remain the major source of energy in the next few decades. Owing to increased energy demand, it is extremely important to explore the new fields and maximize the production from existing oil fields. However, only one-third of the total oil present in the reservoir can be recovered using conventional oil recovery techniques [2, 3] . Several chemicals and thermal and gas injection methods are employed to recover the remaining oil. These are termed as tertiary oil recovery or enhanced oil recovery (EOR) [4] [5] [6] [7] [8] [9] .
In chemical EOR, better recovery is achieved by injecting certain chemicals. These chemicals are injected to improve the mobility ratio, to reduce interfacial tension (IFT), and/or to alter the wettability of the rock [10] [11] [12] [13] [14] [15] [16] [17] [18] . Mobility ratio is a ratio of displacing phase (water) mobility to displaced phase (oil) mobility. A mobility ratio of less than one is achieved using water-soluble polymers [19] [20] [21] [22] [23] [24] . Most of the oil is trapped due to high capillary forces and the governing capillary pressure is influenced by rock wettability and oil/water IFT [25] . Surfactants are frequently used to lower the IFT and to alter the wettability [26] [27] [28] [29] [30] [31] [32] .
The use of nanotechnology has shown potential to solve different problems in oil and gas industry [33] [34] [35] [36] . Nanoparticles (NPs) have been utilized in subsurface applications due to their ability to alter certain properties in the formation [37] . NPs exhibit exceptional properties owing to the small size and large surface area [38] . The dispersion of the NPs in the solution depends on the functionality of the NPs. Therefore, NPs are usually treated to avoid interparticles interactions. [62] SnO [40] a MWCNT = multiwalled carbon nanotubes.
Owing to their small size (1-100 nm), NPs can be propagated through the formation using a stable aqueous dispersion. EOR chemicals are evaluated mainly using rheology, interfacial tension, wettability alteration, and core flooding experiments. The research on applications of NPs in EOR focused on how these NPs influence the above-mentioned properties and oil recovery. Table 1 shows the nanoparticles that have been evaluated for EOR. Some reviews also summarized the different aspects of NPs research in EOR. Shamsijazeyi et al. focused on the polymer coated NPs for EOR [1] . Cheraghian and Hendraningrat focused only on the effect of NPs on the flooding experiments [64] . Subsequent sections in this review discuss how various NPs influence rheology, interfacial tension, wettability, and oil recovery.
Interfacial Tension
The surface free energy that exists between two immiscible liquids is called interfacial tension [67] . Oil recovery is directly related to a dimensionless capillary number ( ca ), which is defined as a ratio of viscous forces to capillary forces. Mathematically, it can be represented by ca =
Viscous forces Capillary forces
where V is the velocity, is the dynamic viscosity, is oilwater IFT, and is the contact angle. A higher capillary number is essential in order to reduce residual oil saturation significantly. To obtain such a higher capillary number, IFT must be decreased to an ultra-low value (10 −3 mN/m) [68] [69] [70] [71] [72] [73] . Historically, surfactants have been used to lower the IFT and to achieve a higher capillary number [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] .
NPs can have a strong effect on the interfacial tension. Silicon oxide NPs have been extensively used in EOR [83] . Lan et al. investigated the synergistic effect of silicon oxide NPs and cationic surfactant on the IFT [35] . The cationic surfactant can alter the surface of the NPs from fully hydrophilic to partially hydrophobic, which promotes the aggregation of NPs resulting in lowering the IFT. Ma et al. investigated the effect of silicon oxide NPs on the IFT behavior of the anionic surfactant and they found that addition of hydrophilic silicon oxide NPs enhances the efficacy of anionic surfactant in reducing the IFT [55] . However, hydrophilic silicon oxide particles have no influence on the performance of nonionic surfactant. Moradi et al. found that silica NPs reduce the IFT between oil and water as they are located at oil/water interface [42] . A study conducted by Ershadi et al. revealed that multiwalled carbon nanotubes-(MWCNT-) silicon oxide hybrid NPs could reduce the kerosene-water IFT from 53.9 mN/m to 27.5 mN/m. However, the decrease is not significant in terms of EOR application [37] .
Esmaeilzadeh et al. studied the impact of ZrO 2 on interfacial properties of anionic surfactant. They found that NPs augment the surface activity of the anionic surfactant and lower the IFT between water and oil [56] . Joonaki and Ghanaatian investigated the effect of aluminum oxide, iron oxide, and silicon oxide on the IFT and found that increasing the concentration of NPs reduced the IFT. Silicon oxide was more efficient in reducing the interfacial tension between water and oil [2] . Zargartalebi et al. investigated the effect of fumed silicon oxide NPs on the efficiency of surfactant in reducing the interfacial tension [83] .
The concentration of NPs and surfactant is the most important parameter affecting the IFT. Zargartalebi et al. used partially hydrophobic silicon oxide and fumed silicon oxide to investigate the effect on IFT in the presence of surfactant [54] . They observed that, at lower surfactant concentrations, added NPs reduce the IFT. However, at higher concentrations, IFT increased due to the addition of NPs. It can be attributed to the electrostatic repulsive interactions between NPs and the anionic surfactant that promotes the diffusion of the surfactant towards the interface [55] . In addition, NPs can act as carriers of surfactant molecules towards the interface. However, at high concentrations, NPs attract the surfactants molecules that can lead towards the aggregation of surfactant molecules. Similar results were reported for ZrO 2 ( Table 2 , Entries (15)-(17)) NPs by Esmaeilzadeh et al. [56] . Sun et al. used SiO 2 in the presence of surfactant (Table 2 , Entries (6)- (10) ) and found that IFT slightly increased by increasing the NPs concentrations [3] . However, the IFT with NPs was always higher compared to a solution without NPs. This is due to the fact that they used comparatively high concentration of NPs (2 wt%) and ignored lower concentrations where IFT increase was expected.
NPs can lower the adsorption of surfactant on the reservoir rock in addition to lowering IFT [83] . Zargartalebi et al. found that silicon oxide NPs can reduce the adsorption of anionic surfactant (sodium dodecyl sulfate) on sandstone [56] rock surface [54] . The decrease in adsorption becomes significant by increasing the hydrophobicity of the NPs. The adsorption of the surfactant in the presence of NPs was investigated in two different scenarios. In the first case, a NPs-augmented surfactant solution was put in contact with rock samples. It was observed that adsorption of the surfactant decreased up to critical micelle concentration (CMC) when compared to surfactant solution without NPs. At higher concentrations, adsorption of the surfactant was higher. In the second case, rock samples were equilibrated with surfactant-NPs suspension for 24 hours. The adsorption of the surfactant decreased at lower concentrations but increased at higher concentrations. The equilibrium adsorption was higher compared to the previous case when NPsaugmented NPs solution was used. In summary, NPs help in reducing the IFT either alone or in combination with surfactants. Moreover, NPs can also reduce the adsorption of surfactants on reservoir rock surface. However, additional experimental work is required to understand the underlying mechanism of improvement in interfacial properties using NPs. Mainly, experimental studies that have been carried out in this field dealt with determining the optimum NPs concentrations corresponding to minimum IFT. However, there is a lack of information on surfactant-NPs interactions. In addition, there is limited data on the interfacial behavior of surfactants with NPs other than silica. There is a huge potential for further investigation in this area, for example, how interfacial properties are altered if oil is changed from light to heavy or surfactants are changed from cationic to nonionic, zwitterionic or anionic, and so on.
Wettability Alteration
Wettability is defined as the affinity of solid surface for a particular liquid to occupy the pore space in the presence of other immiscible liquids [67, 84] . Wettability is a key parameter that controls the location and distribution of fluids in the formation [85] . Based on wettability, oil reservoirs can be characterized as water-wet, oil-wet, or mixed-wet. It is well established that oil recovery from water-wet reservoirs is high and recovery rate becomes lower as rock becomes more oilwet [86] . However, the most carbonate reservoirs are oil-wet to mixed-wet [84] . Therefore, in the petroleum industry, the term wettability alteration means changing the wettability of reservoir rock from oil-wet to more water-wet [86] . Wettability alteration of any solid surface can be determined using spontaneous imbibition, contact angle measurements, zeta potential measurements, and surface imaging tests. Atomic force microscopy, scanning electron microscopy, and nuclear magnetic resonance spectroscopy can provide changes in the rock properties because of wettability alteration. Surfactants have been investigated in detail for wettability alteration [87] [88] [89] [90] [91] . Many researchers reported results on the wettability alteration using NPs either alone or in combination with the surfactant. The wettability alteration using NPs depends on several factors such as nature of NPs, hydrophobicity, nature of reservoir, and concentration of NPs. Contact angle data of various NPs is shown in Table 3 .
Nature of nanoparticles has a crucial role in changing the wettability of the rock. Silicon oxide NPs dispersed in ethanol has been reported to alter the rock wettability. Lipophilic polysilicon nanoparticles change the wettability of rock from oil-wet to water-wet. In addition, they can strengthen the wettability of water-wet rock to more water-wet rock [50] . Hydrophobic polysilicon nanoparticles change the wettability of rock from water-wet to oil-wet and change an already oilwet rock to strongly oil-wet rock. Neutrally wet polysilicon NPs change the wettability of the rock to an intermediatewet state due to the presence of hydrophobic and hydrophilic moieties. Hydrophilic polysilicon should be restricted to oil-wet formations while hydrophobic polysilicon should be restricted to a water-wet formation, because hydrophilic polysilicon changes a water-wet formation to more water-wet and hinders oil production which results in poor oil recovery [50] . Similarly, polysilicon NPs treated with silane can change the wettability of the rock and have shown good results in water-wet formations [52] . Ju et al. theoretically studied the wettability alteration of rock using polysilicon NPs [49] . They found that hydrophilic polysilicon NPs adsorb on pore walls and alter the sandstone rock wettability. Maghzi et al. used five-spot glass micromodel to study wettability alteration with silicon oxide NPs [39] . They concluded that a strong hydrogen bond between silicon oxide NPs and water exists and increased surface free energy changed the wettability of the rock from oil-wet to water-wet. In addition, it was observed that adsorption of the silicon oxide NPs on the surface is a necessary condition of wettability alteration.
Maghzi et al. investigated the effects of SiO 2 NPs on fluid distribution on the walls of pores/throats and microscopic pictures revealed the distribution of oil, water, and SiO 2 NPs. Figure 1 displays the fluids distribution during water flooding test. They also observed that oil remains on the wall of the pores while water is trapped inside the pores due to the oilwet property of the medium. In contrast, Figure 2 highlights the picture of microscopic fluids distribution observed during SiO 2 NPs flooding at different concentrations. They noticed that the ability of SiO 2 NPs to alter wettability of pores surfaces was obvious, especially at higher percentages of SiO 2 NPs. In this way, the flow of SiO 2 in the medium to remove oil from the walls of pores resulted in an increased oil recovery [39] .
Some other factors are also important in wettability alteration using NPs such as nature of oil, concentrations of NPs, and type of NPs. Roustaei et al. studied the effect of modified silicon oxide NPs on light and heavy oil recovery. They found that SiO 2 NPs are more effective in wettability alteration of light oil reservoir [52] . Roustaei and Bagherzadeh studied the impact of silica NPs on the change in wettability of carbonate rock [51] . They determined that an optimum concentration is required in order to achieve the wettability alteration. In addition, silica NPs effectively modify the wettability of a carbonate rock from oil-wet to water-wet. Joonaki and Ghanaatian used Al 2 O 3 , SiO 2 and Fe 2 O 3 NPs using propanol as a dispersing agent to investigate wettability alteration of sandstone rocks [2] . They found that SiO 2 NPs are more efficient in altering the wettability of the rock. Moradi et al. found that silicon oxide NPs alter the wettability of carbonate rock by adsorbing on the surface [42] . Ershadi et al. used multiwalled carbon nanotubes-(MWCNT-) silicon oxide nanofluid for the wettability alteration of different rock samples [37] .
In summary, hydrophilic NPs should be preferred in the case of oil-wet formations while hydrophobic NPs should be used in water-wet formation. The optimum concentration of NPs is required in order to achieve the desired wettability. Most of the literature on wettability alteration using NPs is on sandstone systems; however, the literature on wettability Journal of Nanomaterials alteration of carbonate rocks is limited. Considering the vital importance of carbonate reservoirs, it is necessary to understand the NPs-carbonate interactions by varying different factors such as size and type of NPs, NPs preparation methods, stability, salinity, rock type, and geological conditions. Only a few publications reported the porescale investigation of wettability alteration and need further investigation [39] . Though considerable work has already been started on carbonate rocks, the fundamentals are not completely understood yet.
Rheology
Rheological measurements play an important role in the assessment of the viscoelastic nature of fluids and polymeric materials. Understanding of the flow behavior and dynamics of constituent particles in the suspension of nanocolloids is crucial for characterizing the structure and properties of nanofluids (NFs). Particle migration and transport in NFs have a significant effect on the rheological behavior of the suspension and, therefore, have a great implication on the future utilization of NFs. Thus, a good understanding of rheological properties of NFs for EOR purposes is of great interest in the petroleum industry. Rheological measurements are fundamental in designing and determining the
The lack of oil film on the wall of throats shows a partial water-wet media Figure 2 : Pore-scale investigation of wettability (NPs injection) [39] . ©Elsevier. Reproduced with the permission of the publisher.
optimum concentrations of the injection fluids for EOR applications. Mathematically, mobility ratio is presented as w o / o w , where and are viscosity and permeability, respectively. Subscript w is for displacing phase (water) and o is for displaced phase (oil). Mobility ratio of less than one is favorable to avoid viscous fingering. In the case of higher mobility ratio, viscous fingering occurs due to the higher mobility of water. Rheology is an important technique to determine the viscosity of the injection fluids. Only a few scientific research articles describe the rheological properties of NFs for EOR processes.
The use of NFs to mitigate the adverse effect caused by salinity has been of great interest during EOR processes. Cheraghian et al. developed nanoclay/polyacrylamide (PAM) systems with different concentrations of clays for an optimum viscous solution at 25 ∘ C and 80 ∘ C. They investigated the utilization of nanoclay to reduce the negative impacts caused by salinity on PAM fluids in EOR processes. The result showed that certain range of nanoclay content had a positive impact on the PAM viscosity [47] . It is evident from their results that NFs perform favorably within a certain range of nanoclay addition.
A great effort is being intensified by researchers to study the effect of different NPs on the rheological characteristics of NFs for EOR purposes. Bayat and coworkers investigated the influence of SiO 2 , Al 2 O 3 , and TiO 2 containing NFs on the viscosity behavior of oil produced after each NPs flooding experiment. They observed that the viscosity of oils produced after NFs flooding changed. The rate of these changes was reported to be low at 26 ∘ C, while they became considerable at higher temperatures. Al 2 O 3 and SiO 2 containing NFs were observed to have caused the highest and lowest amount of viscosity reduction at all temperatures (26 ∘ C to 60 ∘ C) [41] . In an investigation by Maghzi et al., the rheological behavior of SiO 2 nanosuspension in PAM solution revealed that the viscosity of SiO 2 nanosuspension in PAM was higher than that of PAM solution at the same salinity. According to their report, the increase in viscosity became noticeable when SiO 2 NPs concentration was increased [43] . In addition, Pei et al. reported the effect of SiO 2 NPs content on the rheology of oil-in-water (o/w) emulsions. They noticed that viscosities of o/w emulsions enhanced when the concentration was increased. Furthermore, they observed that the viscosity of the emulsion decreased by increasing the shear rate [44] . The experimental results of these researchers demonstrated that the rheological behavior of NFs depends greatly on the type of NPs employed to develop the NFs and on the experimental conditions.
Further, the experimental parameters like temperature and pressure have significant impacts on the viscoelastic behavior of NFs. Very few studies have buttressed the effect of high pressure high temperature (HPHT) conditions on NFs used for EOR. In a study conducted by Sharma et al., the viscosity behavior of Pickering emulsion using NPs of SiO 2 (1 wt%) and clay (1 wt%) with surfactant-polymer (SP) system for EOR was evaluated [48] . The increase in temperature reduced the viscosity of the SP system. However, there were no significant changes in the viscosity of the Pickering emulsion with the increase in temperature. Another similar study by Sharma and Sangwai reported the effect of NaCl on the rheological properties of Pickering emulsion stabilized by silica/clay nanoparticles-SP system at different pressures and temperature (25 to 98 ∘ C) [45] . Their findings in the dynamic rheological properties measurements revealed that the addition of salts slightly affected the viscosity of NPs-SP emulsions. However, the addition of salt changes the and at HPHT conditions. They concluded that NPs-SP emulsion system infused with salt is suitable for HPHT applications such as EOR and drilling fluids for high salinity conditions. In summary, the published articles on the rheological behavior of NFs have shown that the inclusion of NPs has a significant effect on the viscosity, storage, and loss moduli of NFs. The NFs exhibited favorable rheological results than the fluids without NPs. However, these experiments were conducted at temperatures less than 100 ∘ C. There is a pressing need to investigate the rheology of NFs at elevated temperatures (up to 150 ∘ C) because some oil reservoirs temperature is above 100 ∘ C. In addition, the rheological behavior of reservoir fluid mixed with NPs should be investigated thoroughly as this gives the best idea of what might occur during life operation in oilfields. The NPs interactions with surfactant and polymer at different reservoir conditions are worth further investigation in order to understand the mechanism. Besides, the impact of NPs inclusion on the thermal stability of water-soluble polymers requires further studies.
Core Flooding
Core flooding tests are widely used in the petroleum industry to determine the oil recovery at specific reservoir conditions. The cores used during flooding experiments provide the ground truth for manipulating all other sources of formation evaluation information [92] . Core flooding tests are timeconsuming and it is not possible to conduct a large number of core flooding experiments. Therefore, data obtained from initial screening tests using rheology, IFT, and wettability alteration can minimize the number of core flooding experiments. Several core flooding experiments have been performed using an injection of NPs. Table 4 highlights some of the NPs and the recovery factor obtained using NPs injection. Data given in Table 4 shows that NPs can also have a negative impact on the oil recovery. Therefore, it is extremely important to optimize different factors to have a maximum recovery. Following sections will highlight the various factors that affect the oil recovery.
Concentration.
The concentration of NPs is the most important factor in core flooding experiments. Usually, the optimum concentrations are determined using initial screening techniques such as rheology, IFT, and adsorption. Ehtesabi et al. used TiO 2 NPs in core flooding test using sandstone core [57] . They found that using a brine of 5000 ppm recovered 49% of the oil, while the use of TiO 2 NPs (0.01%) increased oil recovery factor up to 80% (31% additional oil recovery). However, the change in the concentration of TiO 2 NPs to 1% did not show any impressive effect on the recovery factor and recovery obtained was lower than what was achieved using brine only. In addition, they conducted core flooding experiments using 1 wt% TiO 2 amorphous NPs. The recovery factor was found to be 23%, which was less than the recovery factor obtained when only brine was used (Table 4 , Entries (5)- (7)). SEM coupled with EDS instrument showed that the TiO 2 NPs were deposited on the surface of the rock (Figures 3 and 4) while the EDS map showed that TiO 2 deposited homogeneously onto the stone ( Figure 5 ).
Son et al. evaluated the SiO 2 NPs and polyvinyl alcohol (PVA) stabilized emulsion [59] . Emulsion with a low concentration (0.05 wt%) of PVA and a high concentration (3 wt%) of SiO 2 NPs had greater stability and vice versa. Furthermore, the addition of salts (1 wt%) efficiently stabilized the emulsion droplets without any significant coalescence and contributed to approximately 4% more oil recovery than what is achieved in the absence of emulsion system. Maghzi et al. studied the effects of dispersed SiO 2 NPs in water at different concentrations (0.1 wt% to 5 wt%) [39] . The increase in the concentration of NPs increased the oil recovery (Table 4 , Entries (14)- (15)). Also, the ultimate efficiency achieved for SiO 2 NPs (0.1 wt%) flooding was higher (8.7%) compared to distilled water flooding. The increases in concentration from 0.1% to 0.3% cause the additional oil recovery to reach up to 26%. However, an optimum concentration of NPs is required to achieve the maximum recovery [39] . Journal of Nanomaterials In summary, an optimal concentration of NPs should be determined to have a maximum recovery. Higher concentrations of NPs have no significant effect on the recovery factor that can increase the cost.
Ionic Contents.
The ionic contents in a reservoir vary depending upon the nature of reservoir and formation. In addition, seawater is usually used as a major component of flooding liquid. Therefore, the impact of salinity on oil recovery is usually determined for all types of chemical EOR core flooding experiments. Hendraningrat and Torsaeter evaluated the effects of water salinity and ionic composition on oil recovery using SiO 2 based nanofluids [63] . They observed that the oil recovery did not change upon the injection of nanofluids having low salinity (30,000 ppm). The oil recovery increased when the water salinity increased from 30,000 ppm to 100,000 ppm.
Maghzi et al. [43] evaluated the effect of SiO 2 NPs on oil recovery in the presence of salts by conducting a number of polymer flooding tests. They conducted flooding experiments in the presence and absence of SiO 2 NPs in polyacrylamide (PAM) solutions with different salinities. The result of their study showed that oil recovery decreased with the increase in salt concentration during the PAM flooding without NPs, whereas in the case of PAM flooding in the presence of NPs, the decreasing rate of oil recovery reduced.
In general, flooding using NPs is sensitive to water salinity and increasing water salinity contributes to a much higher incremental oil recovery [63, 65, 93, 94] . However, salinity higher than the critical values can destabilize the dispersion of NPs.
Type of NPs.
Type of NPs influences oil recovery factor and selection of appropriate NPs for typical reservoir conditions is of utmost importance. Bayat et al. studied the displacement effects of three metal oxides NPs (Al 2 O 3 , TiO 2 , and SiO 2 ) on the quantity and quality of the produced oil from an intermediate limestone sample at different temperatures [41] . The displacement test results showed that the use of brine (NaCl 0.3 wt%) for water flooding resulted in an average of 47.3% oil recovery at 26 ∘ C. At the same injection conditions Al 2 O 3 , TiO 2 , and SiO 2 increased the oil recovery to 52.6%, 50.9%, and 48.7%, respectively. The oil recovery at ambient temperature (26 ∘ C) using Al 2 O 3 nanofluid was 1.5 and 2.25 times greater than that of TiO 2 and SiO 2 , respectively. The highest oil recovery exhibited by the Al 2 O 3 nanofluid was attributed to its ability to lower the capillary force of oil during the displacement test on the recovery of heavy crude oil. Alomair et al. studied the effect of four nanoparticles (Al 2 O 3 , TiO 2 , SiO 2 , and NiO) on the recovery of heavy oil sandstones. Many flooding experiments were done using the four different nanoparticles at different concentrations. Flooding experiments by SiO 2 and flooding experiments by Al 2 O 3 showed higher recovery when compared to the base recovery, water injection. SiO 2 increased the recovery by 0.958%, while Al 2 O 3 increased the recovery by 4.895%. Since both SiO 2 and Al 2 O 3 showed the highest oil recovery, they decided to mix both nanoparticles and do a flooding experiment where they noted a tremendous oil recovery that is higher than the water injection recovery by 23.724% [95] . Kazemzadeh and his colleagues investigated the effects of SiO 2 , NiO, and Fe 3 O 4 NPs on the recovery of heavy oil [62] . A glass micromodel was utilized in core flooding setup to simulate oil production in the presence of NPs. It was reported that the flooding based on SiO 2 , NiO, and Fe 3 O 4 improved the oil recovery by 22.6%, 14.6%, and 8.1%, respectively, when water injection was set as the reference point. The greater oil recovery displayed by SiO 2 was probably due to its effectiveness to reduce interfacial tension and wettability alteration in porous media.
Nazari et al. conducted a preliminary wettability study for eight different NPs and investigated the performance of selected NPs (CaCO 3 and SiO 2 ) for EOR processes. Oil recovery increased by 8-9% when NFs were injected. Besides, the spontaneous imbibition results confirmed the active role of CaCO 3 and SiO 2 NPs. Oil recovery was reported to have increased by factors of 4 and 6 when CaCO 3 and SiO 2 NPs were present in the base-fluid, respectively [61] . Roustaei and coworkers tested the performance of modified SiO 2 NPs in enhancing oil recovery from two different Iranian light and intermediate oil reservoirs [52] . According to their findings, the total oil recovery increased after the application of modified SiO 2 NPs in two core samples saturated with light and intermediate oils. The water flooding recovery of the first plug, which was saturated by light oil, was 54% and that of the second plug saturated by intermediate oil was 41%. They, however, reported that the oil recovery was increased by 25% and 14%, respectively, in the first and second core samples. The authors stated that a comparison between the recovery results revealed that NF could produce a significant amount of oil after primary and secondary recovery processes. Further, the capability of NF in enhancing oil recovery was reported to have depended on the oil type and varies from different oil reservoirs. Roustaei and Bagherzadeh [51] reported another similar study which investigated the potentials of SiO 2 NFs for EOR applications. In summary performance of different types of nanoparticles depends on the reservoir conditions and nature as well.
Surfactant-NPs Combined
Flooding. The effect of NPs on surfactant efficiency has been investigated in different scenarios. Suleimanov et al. studied the effects of an aqueous solution of anionic surface-active agents with the addition of light nonferrous NPs [96] . Water-free oil recovery of 51% and 35% and finite oil recovery of 17% and 12% were obtained by employing NFs as a displacement agent in water-surfactant solution. However, in heterogeneous pore medium, waterfree oil recovery was 66% compared with water and finite oil recovery was 22% and 17% according to water and surfactant solution. They concluded that the production rate of oil displaced by NF increased by almost 1.5-fold in comparison with the aqueous solution of anionic surface-acting agent and 4.7-fold in comparison with water.
Sun et al. studied the stability and displacement behavior of SiO 2 NPs with sodium dodecyl sulfate (SDS) using micromodel flooding setup [3] . Flooding results showed that SiO 2 /SDS foam flooding displaced more oil than water flooding or SDS foam flooding. The high recovery was attributed to the improved foam stability and viscoelasticity caused by attached particles. Sandpack flooding tests indicate that SiO 2 /SDS foam has good properties for oil displacement in both homogeneous and heterogeneous formation. The increase in differential pressure and profile control effect exhibited a favorable correspondence with the increase in SiO 2 concentration, which led to a higher oil recovery.
Zargartalebi et al. explored the capability of hydrophilic and slightly hydrophobic SiO 2 NPs to improve the surfactant performance [54] . Their flooding experiments revealed that NPs could efficiently enhance surfactant flooding with greater additional oil recovery because of the inclusion of NPs into surfactant solutions.
In a study conducted by Sharma and coworkers [48] , Pickering emulsion stabilized by SiO 2 NPs (1 wt%) and clay (1 wt%) with surfactant-polymer were evaluated and compared with SP flooding. They conducted several core flood experiments at subsurface equivalent confining pressure of 13.6 MPa and temperature ranging from 313 K to 363 K in Berea sandstone cores. In order to understand the correlation between the pressure drop and oil recovery for the two flooding systems examined, they plotted the increment oil recovery as a function of the difference in pressure drop at each temperature condition of the two flood systems (i.e., the SP and Pickering emulsion, as demonstrated in Figure 6 ). Results showed that the larger difference in pressure drop between these two flood systems occurred at a higher temperature. In addition, with an increase in temperatures, the difference in pressure drop of both flood systems resulted in the improvement of oil recovery from 1.4% to 79.01% and 5.63% to 80.91% for SiO 2 (Figure 6(a) ) and clay stabilized emulsions ( Figure 6(b) ), respectively.
In the work of Pei et al. [44] , the effects of SiO 2 NPs on the surfactant-stabilized emulsion were studied for enhanced heavy oil recovery. They used the core flooding and microscopic visualization tests to investigate the displacement mechanisms by SiO 2 NPs surfactant-stabilized emulsion. They conducted a series of flooding tests in cores with absolute permeability varied from 100 mD to 1100 mD. In all the cases that were tested in their study, 0.5 PV emulsion slug was injected after the initial water flooding while 0.1 wt% of pure cationic surfactant hexadecyltrimethylammonium bromide was employed for surfactant-stabilized emulsion flooding and 0.1 wt% pure cationic surfactant hexadecyltrimethylammonium bromide mixed with 0.4 wt% SiO 2 was used for nanoparticle-surfactant-stabilized emulsion flooding. Figure 7 shows the tertiary oil recovery of the core flooding tests plotted as a function of permeability. Their study revealed that the emulsion stabilized by NPs and surfactant had a better displacement performance than the emulsion stabilized by surfactant alone for all the permeability ranges examined.
In summary, the observations from the core flooding results revealed that the quantities, as well as the concentrations and the types of NPs, played a significant role in improving oil recovery. The addition of salts has enormous influence on the performance of NPs during the core flooding experiments and this to a large extent affects the amount of oil that can be recovered. Likewise, the interaction and transport mechanism of NPs within reservoir rocks are also contributing factors that will affect additional oil recovery. Though a significant number of core flooding experiments were reported in the literature describing different aspects of NPs injection, there is a lack of understanding how oil recovery is affected using NPs at different conditions. For example, literature is not sufficient to explain how recovery is affected by changing the flow rate of NFs, changing pore pressure, and changing injection sequence of NFs. On the other hand, these parameters are well investigated and understood for the surfactant, polymer, and combined surfactant-polymer flooding.
Stability
It is very important when choosing a chemical for enhanced oil recovery to study its performance under reservoir conditions, where temperature and salinity are normally very high. Mcelfresh and his group studied the stability of three types of nanoparticles in both sandstones and carbonates in harsh environments, that is, at high temperature and high salinity. They studied soft particle microemulsion with basic SiO 2 nanoparticles, surfactant package with colloidal SiO 2 nanoparticles, and surfactant package with surface modified SiO 2 nanoparticles. Both imbibition tests and core flooding experiments were done to investigate the performance of the three nanoparticles. It was found that the basic SiO 2 nanoparticles failed to stabilize in the harsh environment due to their exposed surface charge. Surfactant package with colloidal SiO 2 nanoparticles was found to be stable by changing the fluid acidity; however, it was not able to withstand the extremes of salinity and temperature. The third nanoparticles, surfactant package with surface modified SiO 2 nanoparticles, was the best in terms of stability at the harsh environment and it was used in flooding experiments where it showed good oil recovery results [97] .
Field Applications, Challenges, and Perspectives
For successful implementation of NPs in the field, a complete understanding of field conditions and process variables is necessary. The difference between the field and laboratory conditions must be assessed that can be helpful in scale-up of laboratory experiments. Applications of nanoparticles in EOR did not get much attention in the past due to inadequate understanding of mechanism, high chemical costs, and low crude oil prices. In last few years, the number of publications on NPs application in EOR has been increased extensively. These publications are mainly based on screening and evaluation of different NPs using wettability, IFT, and rheological measurements. In addition, a number of experiments were performed to determine the oil recovery using different reservoir rocks including carbonates and sandstones. However, no field trial of EOR using NPs is reported in the open literature. Considering the rise in a number of publications and good results obtained from laboratory experiments, NPs are potentially future candidates in EOR along with surfactants and polymers. Although good results have been obtained in the laboratory using NPs, a number of challenges exist that should be addressed to implement NPs in oil fields. Current laboratory experiments show that, in low-temperature and low-low salinity conditions, NPs dispersions are stable for a significant time. However, the stability of the NPs at harsh reservoir conditions is one of the major challenges in the implementation of NPs in EOR. Various approaches were adopted to stabilize nanoparticles dispersion but failed to address high temperature and high salinity conditions. Based on some experimental data obtained in our laboratory, NPs dispersed in water-soluble polymers such as polyacrylamide are stable for a significant time. Polymer-NPs combined flooding can address the issue of NPs dispersion stability. Another possible solution to achieve stability is polymer coatings that can potentially improve the stability and surface properties of NPs for EOR. Most of the investigated NPs are tailored which are comparatively expensive. The cost-effective NPs having good EOR properties are one of the main challenges in field implementation. The future challenge is to develop cheap techniques for large-scale production of NPs for field applications where the cost is the most important factor. In addition, some of the NPs are toxic for humans. Mechanism of NPs adsorption on different rocks at different conditions remains poorly understood. Literature is unable to explain how adsorption will have an effect by changing rock type, temperature, and salinity. Finally, scale-up of NPs laboratory experiments to real field application is a challenge itself.
Addressing these challenges can eventually lead to the development of cost-effective NPs formulation with lower adsorption and less aggregation with many desirable properties such as lower IFT and enhanced viscosity.
Concluding Remarks
Different types of nanoparticles used in chemical EOR are reviewed. The impact of nanoparticles on rheology, interfacial tension, wettability alteration, and oil recovery is discussed. Recent laboratory results have shown that nanoparticles can be used to increase the recovery from the oil reservoir. Use of nanoparticles in displacement fluids can lower the interfacial tension, improve the rheological properties, and alter the wettability of the rock to a more water-water state. Nanoparticles can also lower the adsorption of surfactant on reservoir rock as well. Stability of nanoparticles dispersion is one of the main challenges that need to be addressed. In addition, the cost of nanoparticles is another important issue in practical applications. SiO 2 nanoparticles are the most investigated nanoparticles for EOR applications. The future research in this field will focus on investigating the cheap nanoparticles such as nanoclays. Despite the fact that the number of publications on the evaluation of nanoparticles in enhanced oil recovery has increased, no field trial is reported to date. 
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